The genus Arabidopsis provides a unique opportunity to study fundamental biological questions in plant sciences using the diploid model species Arabidopsis thaliana and Arabidopsis lyrata. However, only a few studies have focused on introgression and hybrid speciation in Arabidopsis, although polyploidy is a common phenomenon within this genus. More recently, there is growing evidence of significant gene flow between the various Arabidopsis species. So far, we know Arabidopsis suecica and Arabidopsis kamchatica as fully stabilized allopolyploid species. Both species evolved during Pleistocene glaciation and deglaciation cycles in Fennoscandinavia and the amphi-Beringian region, respectively. These hybrid studies were conducted either on a phylogeographic scale or reconstructed experimentally in the laboratory. In our study we focus at a regional and population level. Our research area is located in the foothills of the eastern Austrian Alps, where two Arabidopsis species, Arabidopsis arenosa and A. lyrata ssp. petraea, are sympatrically distributed. Our hypothesis of genetic introgression, migration, and adaptation to the changing environment during the Pleistocene has been confirmed: We observed significant, mainly unidirectional gene flow between the two species, which has given rise to the tetraploid A. lyrata. This cytotype was able to escape from the narrow ecological niche occupied by diploid A. lyrata ssp. petraea on limestone outcrops by migrating northward into siliceous areas, leaving behind a trail of genetic differentiation.
Central Europe | evolution | Brassicaceae L ife is a dynamic process frequently characterized by departure from equilibrium stages (1) . This principle provides the fundamental background for adaptation and speciation in a dynamic and changing environment. Gene flow within and between populations or even species reflects such dynamic processes. Microevolutionary processes are considered to provide frequency-based changes in a population system allowing gradual differentiation. Assuming increased isolation, macroevolutionary processes contribute to divergent and diversifying genetic differentiation. With time, completely isolated gene pools are established, eventually resulting in new species adapted to different environments (2) .
A special evolutionary case is indicated when these different species meet again and reproductive isolation is incomplete. In the case of highly diverged and almost isolated ancestral gene pools, this is called hybridization. Subsequent secondary isolation of these hybridizing gene pools results in hybrid speciation processes (3) . However, the term "hybridization" can be applied to a continuous spectrum of genetic admixture: Hybridization occurs between nearly fully isolated gene pools, normally treated as different species, giving rise to strong hybrids with initially half of each parental genome. If backcrossing of the hybrids into one particular parental populations is involved (introgression), the proportion of the other and introgressing parental genome will decrease, resulting in weak hybrids. Numerous research studies have focused on hybrid speciation and introgression in the past (4, 5) , but only a few have demonstrated the continuous process of hybridization and introgression on a regional scale (6, 7) .
The genus Arabidopsis is, meanwhile, known to be frequently affected by hybridization and introgression. Alongside seven mainly diploid species (8) and the Arabidopsis arenosa species aggregate with two ploidy levels, there are two polyploid species for which hybridization has been demonstrated: Arabidopsis suecica was described as a hybrid between diploid Arabidopsis thaliana (n = 5) and diploid A. arenosa (n = 8) in Fennoscandinavia (9) . It is assumed that this hybrid originated from a single Pleistocene speciation event dating back to between 20,000 and 300,000 y ago (10), with A. arenosa contributing as the paternal parent. The second natural hybrid, Arabidopsis kamchatica (2n = 32), was recently reported to be a hybrid between the Siberian Arabidopsis lyrata ssp. petraea (2n = 16) and a member of the Arabidopsis halleri complex (A. halleri ssp. gemmifera, 2n = 16) (11, 12) , and it has been shown that A. kamchatica probably evolved several times independently during Pleistocene glaciation and deglaciation cycles. It is distributed throughout the amphiBeringian region but is also found in Japan, Korea, and Taiwan. There is also evidence of past gene flow in Europe between diploid A. lyrata and A. halleri on the basis of either nuclear genes (13) or self incompatibility alleles (14) .
In this study, we bridge the gap between these two natural Arabidopsis hybrids by describing a third natural hybrid and introgression system between A. arenosa and A. lyrata ssp. petraea (which we will refer to simply as A. lyrata hereafter) within a welldefined geographical, ecological, and biological setting. A. arenosa is distributed throughout central and southeastern Europe. Diploids were detected exclusively in southeastern Europe and the Carpathians, and tetraploids in the Carpathians and remaining distribution areas (15) . A. lyrata has a circumarctic distribution but is also found in Central Europe and North America. So far, A. lyrata ssp. petraea has been reported to be exclusively diploid (16) ; only Polatschek (16) found several tetraploid populations in eastern Austria, and two of these populations were investigated by Mable et al. (17) . This study found that tetraploid A. lyrata is widely distributed in this region. The study area is located in the northeastern Austrian Alps and adjacent lowland regions covering an area of ∼900 km 2 . This region was greatly affected by glaciation and deglaciation cycles during the Pleistocene, as the boundary of the Last Glacial Maximum ran along its eastern edge. Ecologically, the area can be subdivided into a limestone-dominated region, which is located in the eastern Austrian Forealps, and a siliceous region to the north comprising the Danube River Valley in the Wachau (Fig. S1 ). The whole area is a major center of genetic diversity for both the A. arenosa and A. lyrata species complex (18) .
On the basis of extensive field observations, we developed the hypothesis that both species were affected by a changing environment, were forced to migrate and adapt, and probably came into secondary contact after the last glaciation. We have analyzed seven nuclear-encoded microsatellite markers to study gene flow between populations, a maternally inherited chloro- plast genome marker [trnL intron (trnL) and trnL/F intergenic spacer (trnL/F-IGS) of tRNA Ser and tRNA Thr , respectively] to investigate migrational movements due to seed dispersal, chromosome number variation to distinguish between diploids and polyploids, and morphometric measurements to characterize introgression independently of the molecular means.
By combining all of the above methods, our main intention was to accomplish the following: (i) to define the geographic distribution and admixture of the cyto-and morphotypes of A. arenosa and A. lyrata in the eastern Austrian Forealps and the Wachau and set these aspects in the context of cytotype distribution within the species' overall distribution range; (ii) to investigate the direction of hybridization and introgression between the two species and compare this with other Arabidopsis hybrids; and (iii) to define putative hybrid zones.
Results
Cytogenetic Analysis Indicates Nonoverlapping Distribution Patterns of the Diploid and Tetraploid Cytotypes of A. arenosa and A. lyrata in Eastern Austria. Diploid and tetraploid cytotypes were found in distinct geographic regions ( Fig. S2 ): In the western part of the eastern Austrian Forealps, tetraploid A. arenosa populations are found, and these expand from colline and montane habitats into the subalpine boulders of the northeastern Limestone Alps. Diploid A. lyrata populations are restricted to the warmer eastern margin of the eastern Austrian Forealps. These populations are found in cryptic refugia, which are characterized by the occurrence of cold-adapted plants that survived the interglacials and Holocene warming in naturally open habitats such as single, exposed rocks or rocky slopes (19) . Tetraploid A. lyrata populations are located in the central and northeastern Austrian Forealps. In addition, all populations from the northerly adjacent Danube River Valley (Wachau) are also found to be tetraploid. In the northern part of the Wachau and also farther north into the Bohemian Massif tetraploid, A. arenosa populations only are present. Populations of mixed cytotypes (diploids and tetraploids) were not detected, and triploids were rare and found only in one population.
Morphometric Analyses and Molecular Data Recognize Largely WellSeparated Groups of Diploid and Tetraploid Cytotypes and Give First
Evidence for Hybridization. Diploids of both species, A. arenosa and A. lyrata, were validated according to morphological criteria. As no diploid A. arenosa populations were found in eastern Austria, diploids from the Western Carpathians were included in the analyses. These populations were relatively close to our study area. Principal component analysis (PCA) of all individuals investigated is displayed in Fig. 1A . Eigenvalues of axes one and two were 0.25 and 0.11, respectively, composing 36% of the data's total variance. The analysis revealed two main groups corresponding to taxonomy, A. arenosa and A. lyrata. The diploid clusters of each species are clearly separated, but the tetraploid clusters, in particular of A. lyrata, partly overlap, indicating intermediate (hybrid) morphology between the species.
The differentiation of the dataset, based on morphological data, is strongly supported by the chloroplast DNA (cpDNA) sequence analysis. The haplotype network built with trnLF suprahaplotypes (Fig. 1B) revealed three "core" suprahaplotypes-A, B, and C-which each predominantly characterize one species: A and B were found mainly in A. arenosa and C in A. lyrata. Except for Q, all derived "tip" suprahaplotypes were exclusively observed in either A. arenosa (AU, BE, E, L, P, U, Y) or A. lyrata (AC, AH, AI, AJ, AK, AL, R, V). Only a few of them were shared between the diploid and tetraploid cytotypes (E, L, and U in A. arenosa); the remaining suprahaplotypes were unique for either the diploids or the tetraploids. The few examples of sharing of the "core" suprahaplotypes A, B, and C and the "tip" suprahaplotype Q can be explained by ancestral shared polymorphisms, a well-known phenomenon within the genus Arabidopsis (18, 14) , predating the radiation of the genus approximately 2 million years ago (18) . An alternative explanation for shared cpDNA polymorphism is recent or past hybridization resulting in chloroplast capture. However, we will show that gene flow is mainly unidirectional from A. arenosa into A. lyrata (via pollen) and either does not occur or is extremely rare in the other direction. Consequently, putatively introgressed A. lyrata populations from the Wachau carry the original and maternally inherited A. lyrata cpDNA suprahaplotypes (Fig. 2) .
Microsatellite data, analyzed with BAPS, also revealed a differentiation between A. arenosa and A. lyrata (Fig. 1C) . BAPS was favored over Structure, because a pregrouping of the dataset, based on clustering of populations instead individuals, could be achieved, which is a unique feature of BAPS. Furthermore, BAPS can handle combined data of diploids and tetraploids, and Structure cannot. A genetic mixture model with "clustering of groups of individuals" and a "fixed k" option was applied to test if grouping was according to species and cytotypes. Using K = 2, we tested whether the dataset clustered according to A. arenosa and A. lyrata; using K = 4, we tested whether the two species groups each split up into two subgroups of diploids and tetraploids based on microsatellite data. In these analyses, admixture was not taken into account because we do not focus on interploidal gene flow in this article. Gene flow between the tetraploids of both species was analyzed with Structure. Group clustering under K = 2 detected a group of diploid and tetraploid A. arenosa (green cluster) and a group of diploid and tetraploid A. lyrata (yellow cluster) (Fig. 1C) . Under K = 4, formation of the four main groups could be observed: diploid A. arenosa (orange cluster), tetraploid A. arenosa (green cluster), diploid A. lyrata (blue cluster), and tetraploid A. lyrata from the Wachau (yellow cluster). Tetraploid A. lyrata from the eastern Austrian Forealps (green cluster) grouped together with tetraploid A. arenosa, which indicates hybridization.
Microsatellite Markers Give Evidence for Genetic Introgression
Predominantly from A. arenosa into A. lyrata. Regarding microsatellite data, analyzed with Structure, K values were estimated with Structure-sum. The highest value of the mean deltaK graph was reached under K = 2 (Fig. S3A) , and also under K = 2, the least varying data point could be observed in the distribution-oflikelihood graph (Fig. S3B) . K = 4 was taken as an example of a more strongly differentiated population structure. As analysis with K = 2 showed genetic introgression more clearly than analysis with K = 4, we will focus on the results with K = 2. Structure analysis of the tetraploids, excluding all diploids, with K = 2 revealed two genetic clusters, and each cluster corresponded to one of the species (Fig. S4 A and B) . A. arenosa was characterized by the green cluster, A. lyrata by the yellow cluster, and populations with both colors showed signs of introgression and hybridization between these two species. In general, a decrease of the A. arenosa-specific cluster in tetraploid A. lyrata populations from the south to the north of the study area could be observed. In the southern part, the eastern Austrian Forealps, all A. lyrata populations exhibited large proportions of the A. arenosa-specific cluster, which identifies these populations as strong interspecific hybrids.
These results were supported by a correlation analysis of genetic differentiation (G ST values) and geographic distances (Fig.  3 ) along a linear transect through the whole study area (Fig. 3 and Fig. S2 ). Population pairs for calculating G ST and geographic distance always consisted of the northernmost population of the linear transect and one of the southern populations. Tetraploid A. lyrata populations from the eastern Austrian Forealps (marked with "B" in Fig. 3 and Fig. S2 ) showed strong hybrid indices between 0.032 and 0.058 (mean 0.045 ± 0.011), and moderate hybrid indices of populations from the northern Wachau (marked with "A" in Fig. 3 and Fig. S2) Fig. S4 C and D) , a migration model of tetraploid A. lyrata populations could be developed: As there was a high proportion of the red cluster in populations from both the eastern Austrian Forealps and the southern Wachau (Fig. S4 C and D) , colonization of the Wachau from the eastern Alps can be assumed. The red cluster gradually decreased toward the northern Wachau (Fig. S4D) , and the yellow and violet clusters prevailed. The yellow cluster was present mainly in the southand northwestern part of the Wachau, and the violet cluster in the northeastern part on both sides of the river. Hence, the tetraploid populations exhibit a genetic gradient from south to north.
Discussion
In this study we describe a natural Arabidopsis hybrid involving a combination of parental species: On the basis of morphological data, diploid cytotypes of both A. arenosa and A. lyrata are well separated, but, in contrast, tetraploids of each species partly overlap in morphology, which indicates introgression between the two species. On the basis of nuclear microsatellites, we also observed introgression between A. arenosa and A. lyrata resulting in populations with different hybrid indices. High values of genetic diversity of the subsequently isolated, introgressed tetraploids in the study region (Table S1 ) indicate that the populations have an ancient colonization history. This is supported by a genetic gradient, observed from microsatellite data, which marks the hybrid's migration route from the eastern Austrian Forealps into the Danube River Valley (Wachau). On the basis of nuclear microsatellites, we observed mainly unidirectional gene flow from A. arenosa as pollen donor into A. lyrata as the mother plant. Similarly, A. suecica's hybrid origin is explained by the paternal contribution of A. arenosa and A. thaliana as maternal genetic source (21) . In the case of A. kamchatica, the pollen donor is represented mainly by A. halleri, and A. lyrata served as the mother plant (11) . The herein presented data also provide some strong evidence that in natural Arabidopsis hybrids each species is predetermined to serve either as pollen donor (A. arenosa) or pollen acceptor (A. lyrata).
The genus Arabidopsis is one of numerous examples of incomplete reproductive isolation between species. Although diploids of each species are well separated according to morphological and neutral molecular marker data, hybridization frequently occurs, especially in plant families that underwent radiation events, e.g., Asteraceae [Helianthus (22) , Senecio (23, 24), Tragopogon (25, 26)] and Brassicaceae [Boechera (27) , Cardamine (28)]. In numerous of these study systems, hybridization is not one single event, but occurs multiple times-independently and sometimes even polytopically (24, (25) (26) (27) (28) . For the A. lyrata × A. arenosa hybrid/introgression system, microsatellite marker data indicate that populations from the eastern Austrian Forealps with their strong hybrid index mark the initial hybridization event, which could have happened during Pleistocene glaciation and deglaciation cycles. However, it will remain an open question if these plants hybridized on the diploid or tetraploid level or even between the two different ploidy levels. Populations from the northern Wachau with their moderate hybrid index mark a second, probably very recent and ongoing hybridization event, and for those populations hybridization on the tetraploid level can be assumed, as only tetraploids are found in this region today. Hybridization between A. arenosa and A. lyrata is restricted to a region that had underlain strong environmental dynamics during Pleistocene glaciation and deglaciation cycles; although the area remained unglaciated at least during the Last Glacial Maximum, the boundary of this last glaciation ran along its eastern edge. At that time, climate oscillations were the reason for environmental dynamics, resulting in disturbed habitats, which, in general, promote hybrid speciation (29) (30) (31) . Today, habitats disturbed by humans offer a major ecological basis for hybridization (30, 31) . Pacheco et al. (31) , for example, found enhanced hybridization in anthropogenically disturbed regions in comparison with undisturbed ones in Gunnera, and they argued that environmental dynamics might have brought the parental species into closer contact. In the case of A. lyrata × A. arenosa, present-day edaphic and climatic conditions provide additional ecologically altered habitats for the hybrid in contrast to its parents: Substrate types in the Wachau, where most of the hybrids occur, are siliceous bedrocks, rarely serpentine, and not the usual limestone and dolomite on which the diploids of both species preferentially grow. Average annual rainfall declines by more than 50%, and annual mean temperature increases by a maximum of 2°C. These past and present environmental dynamics probably facilitated hybridization and contributed to the establishment of the hybrid populations. Our future projects will aim at testing if especially edaphic adaptation was one major driving force for hybrid speciation between A. arenosa and A. lyrata.
Methods
Plant Material. Plants were collected on numerous field trips as both silicadried and herbarium material. Detailed information is provided in the SI Text and SI Appendix along with chromosome numbers and information on mitotic chromosome preparation.
DNA Isolation, Amplification, and Sequencing of Plastid DNA. Total DNA was obtained from dried-leaf material and extracted according to the cetyl trimethylammonium bromide protocol of Doyle and Doyle (32) with modifications according to previous studies (11) . For the cpDNA marker trnL intron and trnL/F intergenic spacer (trnL/F-IGS), primers, PCR cycling scheme, purification of the amplified fragment, cycle sequencing, and sequencing Fig. 3 . Genetic differentiation G ST after Nei (20) , calculated with Tetrasat, of tetraploid A. arenosa and A. lyrata ssp. petraea populations plotted against geographic distance along a linear transect through the study area. Each population's hybrid index is shown as a vertical bar and corresponds to the fraction (%) of the genetic cluster characteristic for A. arenosa found in an A. lyrata population and vice versa. The hybrid index of a population was obtained from Structure analysis with K = 2. Genetic identity of individuals belonging to a population were combined using an in-house software tool: For K = 2, for example, the proportions of the A. arenosa-and A. lyrata-like genetic clusters of all individuals of a population were summed up to the total proportions of these two genetic clusters within this population. The hybrid zone with moderate hybrid indices, located in the Wachau, is marked with "A." The hybrid zone with strong hybrid indices, located in the eastern Austrian Forealps, is marked with "B." Acquisition of geographic distances is explained in detail in Fig. S2 .
on a MegaBace 500 sequencer followed the protocol of Schmickl et al. (11) . Amplified sequences of trnL/F-IGS included the complete trnL/F-IGS and the first 18 bases of the trnF gene.
Genotyping. Microsatellites were chosen from previous population studies of A. lyrata (33) . Selection criteria, PCR, and genotyping conditions are provided together with a list of the seven microsatellites chosen for the analyses (Table S2) . Scoring of fragment sizes and fluorescence intensity/peak heights (in tetraploids) was manually performed from the raw data displayed with Genetic Profiler (GE Healthcare). Allele frequencies within each tetraploid individual could be unambiguously assigned manually for the majority of individuals on the basis of the fluorescence intensity of the fragment peaks. However, two aspects had to be taken into account: (i) In general, the area size underneath the electrophoretic peak was measured, but (ii) it was considered that fluorescence intensity slightly decreases with increasing fragment length. About 10% of the total number of analyzed individuals with ambiguous allele frequencies were excluded from the analyses.
Data Analyses. Plastidic trnL/F sequence definition and network analysis. Plastidic trnL/F sequences were defined as haplotypes and suprahaplotypes following our previous studies (e.g., 11). Haplotypes are characterized by varying (in sequence and structure) trnF pseudogenes in the 3′-region of the trnL/F-IGS close to the functional trnF gene: Haplotypes belonging to one suprahaplotype share the same base order throughout the whole sequence except for the pseudogene-rich region, where they vary in both length and base content. Mutation rate within the pseudogene-rich region is about 20 times higher than within the noncoding spacer and intron regions (34) . Therefore, our cpDNA dataset is based on trnL/F suprahaplotypes only. Suprahaplotypes differ from each other by single point mutations and/or indels. Newly defined trnL/F haplotypes were assigned GenBank nos. FJ477717-FJ477722 (SI Text and SI Appendix). The network was constructed with TCS version 1.21 (35) using the statistical parsimony algorithm (36) . Gaps (except polyT stretches) were coded as single additional binary characters.
Coding of microsatellite alleles and genetic assignment tests. Information on the coding procedure is provided in Table S2 . Microsatellite raw data were deposited at Dryad under doi:10.5061/dryad.j5g76. Two Bayesian analyses were used to identify population structure. Both analyses assume random mating. This assumption can be applied for diploid A. lyrata with its wellinvestigated sporophytic self-incompatibility system (e.g., ref. 37), which prevents self-pollination, and also for tetraploid A. lyrata, as Mable et al. (17) demonstrated that the tetraploids from eastern Austria remained selfincompatible. The mating system of A. arenosa was addressed in a greenhouse experiment: Over a period of 3 y, we performed selfing and reciprocal outcrossing experiments with the populations that were studied with microsatellite markers. We obtained an outcrossing rate of over 95% over selfing. To pregroup the dataset, including all populations (diploids and tetraploids-altogether 1,830 individuals taken from 97 populations, 4 individuals as the minimum size of a population), BAPS version 5.1 (38) was favored over Structure. Pregrouping was based on clustering of populations instead of individuals, which is a unique feature of BAPS. Furthermore, BAPS can handle combined data of diploids and tetraploids, and Structure cannot. A genetic mixture model with "clustering of groups of individuals" and a "fixed k" option was applied to test if grouping was according to species and cytotypes. Using K = 2, we tested whether the dataset clustered according to A. arenosa and A. lyrata; using K = 4, we tested whether the two species groups split up into two subgroups each of diploids and tetraploids on the basis of microsatellite data. In these analyses, admixture was not taken into account because we do not focus on interploidal gene flow in this article. With Structure version 2.3.3 (39) , only tetraploids of A. arenosa and A. lyrata, which were drawn from a total of 1,609 individuals from 87 populations, were analyzed,. The admixture model was applied, assuming individuals to have inherited a genome fraction from ancestors in population K. This model is certainly correct for the majority of the dataset, due to a common colonization history of each of the two species in eastern Austria. The correlated allele frequency model (40) was used because allele frequencies in different populations of each species are likely to be similar, due to past migration events and/or shared ancestry. The K value was estimated with R version 2.11.1 and Structure2.2-sum R script (41) from 96 runs with K values ranging from K = 1-12, each with 8 iterations. The highest value of the mean deltaK graph was reached under K = 2 (Fig. S3A) , and under K = 2, the least-varying data point could be observed in the distribution of likelihood graph (Fig. S3B) . K = 4 was taken as an example of a more strongly differentiated population structure. Analyses were run for 1,000,000 generations, of which the first 100,000 were discarded as burn-in. Genetic identities of individuals of each population were combined using an in-house software tool: For K = 2, for example, the proportions of the yellow and green genetic clusters of all individuals of a population were summed up to the total proportions of these two genetic clusters within this population. The hybrid index of a population, plotted on the G ST graph (Fig. 3) , corresponds to the fraction (%) of the genetic cluster characteristic for A. arenosa found in A. lyrata and vice versa. These values were obtained from the Structure analysis with K = 2.
Population differentiation based on microsatellite data. Tetraploids (1,604 individuals from 86 populations) were analyzed with Tetrasat version 1.0 (42). This software was originally developed to calculate allele frequencies of partial heterozygotes before calculating parameters of population genetics, as the authors assumed peak heights not strongly correlating with allele frequencies (43) . However, we believe that, in our dataset, most allele frequencies can be assigned, and so we use an input file with four alleles per individual per marker. Pairwise population differentiation (G ST ) was calculated according to Nei (20) . G ST values are plotted against geographic distances along a linear transect through the research area ( Fig. 3 and Fig. S2 ). Population pairs for calculating G ST and geographic distance always consisted of the northernmost population of the linear transect and one of the southern populations.
Morphometric Analyses. Selection criteria of morphological characters are provided with the list of the 29 characters investigated (Table S3 ). Raw data of morphometric measurements are deposited at Dryad under doi:10.5061/ dryad.j5g76. The whole dataset of diploid and tetraploid A. arenosa and A. lyrata was examined with PCA to show overall morphological plasticity both within and between species and cytotypes. PCA was performed with standardization by zero mean and unit SD. Euclidian distance was used for computing pairwise similarities. PCA was carried out with SYN-TAX 2000 (44) and graphically displayed with SPSS version 16.0.
